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Abstract—In this paper, we employ imaging-based beam-
steering to enable multi-datastream visible light communication
networks serving dense Internet-of-Things (IoT) deployments. We
demonstrate a “dome bulb” transmitter that consists of a multi-
LED array with a dome-shaped lens to separate each LED’s
beam for better spatial reuse. Each LED has a Lambertian
irradiance distribution that is collected efficiently and directed
along a particular line-of-sight using a wide field-of-view lens
system. At focus, the image of the LED array is projected to a
distant conjugate plane, and LED beam divergence is minimized
to the geometric limit. This improves spatial reuse by minimiz-
ing interference between adjacent beams but results in spotty
illumination due to gaps between LEDs in the array. Moderate
defocusing blurs the beams to increase illumination uniformity at
the expense of increased cross-channel interference. We present
a model for the bulb that correlates to the experimental results
and quantify the performance of the prototype for dense IoT
networks.

Index Terms—Visible Light Communications, Illumination
Uniformity, Multi-Datastream Optical Wireless Communication
Networks.

I. INTRODUCTION

The modern information age is characterized by rapid
growth in connected devices and an ever-increasing demand
for data volume. Connectivity has expanded beyond dedicated
communication devices to any “thing” around us giving rise
to the Internet-of-Things (IoT). In the IoT landscape, a watch
tells more than time, a doorbell more than rings, a refrigerator
more than cools as they are connected to provide convenience
features that we generically describe as “smart”. The continued
growth in the density of these IoT devices and the data
bandwidth requires new communication technologies beyond
legacy radio frequency (RF)-based networks, such as Wi-Fi
[1]. Current 5G technologies are limited to data-com service
providers, but may eventually mature to consumer devices that
provide affordable bandwidth relief to end users. Beyond 5G,
optical wireless communications (OWC) promises extreme
bandwidths capable of >1 Tbps to meet the most demanding
mobile data needs of the future [1]. OWC presents unique
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challenges and opportunities associated with optical domain
carrier frequencies that are >1000x larger than 5G frequencies
and, in principle, offer a commensurate increase in bandwidth.
Challenges include 1) managing the line-of-sight (LOS) nature
of OWC datalinks, 2) implementing efficient and highly di-
rectional point-to-point links, and 3) implementing affordable
architectures that take advantage of the extreme bandwidth
available. Opportunities include 1) long-range, high-bandwidth
datalinks without hardwired fiber-optic infrastructure, 2) se-
cure links that are hard to eavesdrop, 3) robust links immune
to jamming and congestion in the limited RF spectrum, and
4) spectrum reuse via spatial multiplexing.

A major branch of visible light communications (VLC) re-
search seeks to reuse light fixtures or “luminaires” for wireless
networking over short distances. Modulation of luminaires
faster than eye response allows data transmission while still
providing stable illumination [1], [2]. Wide-angle (i.e., diffuse)
emission from luminaires provides an omnidirectional signal
observable by any receiver in the luminaires’s illumination
pattern but this poses a limit to the bandwidth available in
the simplest VLC downlink architecture [3]. Phosphorescent
light-emitting diode (LED) bulbs are typically limited to a
few tens of MHz bandwidth by the relaxation time of the

Fig. 1. Multi-datastream VLC Architecture Using Dome Bulb: Each
LED on the bulb illuminates a certain area in the room. IoT receivers can
simultaneously download from their corresponding LEDs on the bulb, and
upload via legacy RF.
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down-converting phosphors and the electrical impedance of
the diodes [4]–[9]. Their speed can be increased toward
the GHz regime by removing the broadband phosphor and
combining narrowband red, green, and blue LEDs to generate
white light limited by the spontaneous emission rate of the
LED [10]. Likewise, utilizing stimulated emission from semi-
conductor lasers can exceed this limit to push the bandwidth
beyond 1 GHz [11], [12]. However, implementations that use
narrowband sources tend to suffer from lighting quality, as
they exhibit a low color rendering index (CRI) [13]. As a
recent concept, multi-datastream VLC networks [14]–[16] can
increase the aggregate bandwidth using multiple concurrent
VLC download links to serve dense IoT deployments. We
focus on this type of VLC networks and propose a novel
component to improve them.

There are two critical goals for VLC systems using lumi-
naires. The first is to provide fast and reliable data connectivity
to compliment existing wireless communication technologies
and meet the continued growth in demand for bandwidth.
The second goal is to maintain high-quality lighting of the
luminaires they replace; i.e., the lighting should be uniform
spatially and spectrally while providing good CRI and power
efficiency. The luminaire must also be cost effective and long-
lived, ideally without moving parts. The ideal bulb would also
be easy to install and would require a minimal number of
fixtures and wiring per area of coverage.

We introduce a prototype luminaire design, specifically a
bulb, that can meet this challenging combination of require-
ments. The bulb uses a dome-shaped lens structure to im-
plement imaging-based beam steering (IBBS) which provides
numerous, directional and spatially-multiplexed channels out
of a single bulb [17], [18]. To provide multiple VLC download
links simultaneously, our bulb uses a 25-LED array behind
the lens structure to separate each LED’s beam for spatial
reuse. The LED array can serve as a generic programmable
platform for establishing connectivity, tracking, and maintain-
ing the link as users move in the room. The bulb effectively
partitions its illumination into 25 zones (that is, channels or
datalinks) that can be driven independently. This approach
allows one bulb to illuminate and connect a large area, while
increasing aggregate data throughput to numerous devices and
minimizing interference. Using one bulb to serve many zones
potentially reduces hardware and installation costs per area
covered and/or data capacity. We utilize packaged, white LEDs
with a broadband, down-converting phosphor and a 20 MHz
bandwidth. Each LED is independently addressed with a DC
bias for illumination and an AC bias in addition for data
transmission to provide optical downlink channels that can be
modulated separately. When not transmitting data, the LEDs
stay on by emitting a DC signal. When an LED transmits data,
a Bias Tee is used to superimpose a data-carrying AC current
on top of the DC signal.

Fig. 1 illustrates an example scenario using our prototype
bulb to illuminate a room while providing multiple simultane-
ous VLC download links to receivers distributed around the
room. Each receiver may be a simple photodiode that collects
the modulated signal independent of its angle-of-arrival or the
detector orientation as long as it nominally faces up towards

the ceiling. While such a receiver is sensitive to interference
from other light sources, steady-state sources can be filtered
electronically. The interference is then dominated by direct
crosstalk between active channels from adjacent LEDs on the
array and scattering of other channel emission. In this simple
example, the uplink is done via RF technologies such as Wi-Fi.

We build and demonstrate a ceiling-mountable prototype
of the bulb using 25 LEDs arranged in a planar array. We
analyze the bulb in terms of illumination uniformity, Signal-
to-Noise Ratio (SNR), and Signal-to-Interference-plus-Noise
Ratio (SINR) provided to receivers in the room. Since the
emission from each LED is projected to illuminate a particular
zone of the room (as shown in Fig. 1), our bulb design
also brings about the problem of spotty lighting. To develop
insights into the trade-offs among these factors, we investigate
the bulb’s emission properties, such as uniformity, crosstalk,
and SINR as a function of defocus and receiver position within
the irradiance map. Furthermore, we simulate and extract the
SINR map and illumination uniformity resembling the actual
implementation and then find the optimized operation point
considering the trade-off between illumination uniformity and
SINR (SNR) quantitatively.

Our main contributions include:
• A multi-LED dome-shaped bulb design that allows multi-

ple VLC downlinks for settings where dense deployment
of receivers is the norm.

• A thorough study of irradiance maps for the multi-LED
bulb system while varying defocus amount.

• Analysis of the tradeoff between SINR and lighting
uniformity in the dome bulb.

• A prototype implementation of the dome bulb system.
• Empirical characterization of the VLC channel being

offered by the dome bulb.

The rest of the paper is organized as follows: In Section
III, we introduce a theoretical description of an IBBS-based
VLC system. In Section IV, we describe the experimental
methods used to make the prototype transmitter and char-
acterize its optical and communication properties. In Section
V, we provide the experimental results of the prototype and
evaluate the trade-off between illumination uniformity versus
channel crosstalk, and discuss methods to further improve
VLC systems using the IBBS approach. Finally, we summarize
our work with concluding remarks and future works in Section
VI and VII.

II. RELATED WORK

Separation of transmitter sources in a multi-datastream VLC
network received sizable attention recently, for the purpose
of increasing aggregate bandwidth. Driving each color sep-
arately in an assembly of narrowband sources was explored
to further increase the bandwidth via wavelength division
multiplexing [19]. Alternatively, bandwidth can be increased
by using multiple bulbs distributed around a room where each
bulb addresses part of a room, as shown by Alshaer et al.
[14]. This spatial multiplexing takes advantage of the LOS
characteristic of optical links. In a similar vein, Little et al.
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[20] examined several aspects of user interaction, including
interactions between multiple users, mobility and orientation
of the device, and user traffic in such multi-cell LiFi networks.
The purpose of their unique multi-cell lighting testbed was to
analyze and optimize LiFi systems. However, scaling through
increasing the number of VLC cells is limited by crosstalk
between adjacent bulbs along with increasing hardware and
installation costs.

Recent reports have utilized pixelated emitter arrays of
narrowband, infrared, or low-brightness sources to generate
and steer OWC beams without providing general illumination.
Toyoshima et al. [21], [22] used a VCSEL array and CCD to
demonstrate this method of spatial filtering for bi-directional
links. Koonen et al. [1] showed that a bundle of optical fibers
could be arranged to serve as a pixelated emitter array. In
that work, wavelength-based routing was provided using an
array waveguide grating to route datalinks to invididual fibers
in the array. While the narrow and near-infrared spectrums
are well suited for communications, they are insufficient for
illumination. Chang et al. [23] used integrated photonics to
route signals to an array of outcouplers in combination with
a metalens to steer each pixel into unique directions. Coupled
with a lens, this produced wavelength-steerable infrared beams
covering a 17degree FOV. In the visible spectrum, a pixelated
MIMO system was proposed in [24] using a lens to project
a transmit array to infinity and an infinity-focused camera
(i.e., receiver) to image multiple pixels from the transmit
array. By collecting multiple pixels into a single receiver FOV,
spatially-encoded data like a QR-codes could be viewed. This
allows increasing the capacity of the link if each pixel can be
modulated at high speeds. However, neither Tx or Rx hardware
is readily available to do this in practice; a high-speed camera
with ≈10 KHz frame rates and a 1000 sub-channels only
yields a 10 Mbps link comparable to a single phosphorescent
LED. In 1991, Short et al. [25] demonstrated a similar solution
for low data-rate links using a high speed camera for the
receiver array but employing a single laser translated around
the focal plane of a transmit lens rather than using a pixelated
emitter array. None of these prior works provided illumination
alongside their pixel-steered datalinks out of a single bulb.

Our work differs from these prior studies as it demonstrates
a novel VLC transmitter, or bulb, that (i) employs a dome-
shaped lens system in front of an LED array to provide
multiple, spatially-filtered datastreams and (ii) addresses the il-
lumination uniformity by tuning the defocus amount. The bulb
design provides an effective means to dual-purpose luminaires
and implement VLC systems wherein all beam-forming and
control is performed in the stationary bulb. Spatial filtering
provided by the bulb supports numerous device connections
at full bandwidth while minimizing inter-channel interference;
and the design facilitates covering a large area, densely popu-
lated with devices out of a single aperture. Passive steering via
IBBS accomplishes this without moving parts to control the
beam direction. Utilization of high-brightness, broad-spectrum
LEDs yields sufficient luminous flux for lighting purposes and
promises good color-rendering, power efficiency, and lifetime.

Fig. 2. Prototype Imaging-Based Beam Steering (IBBS) VLC Transmitter;
(a) Schematic showing the 5×5 LED array at the focal plane of a 3-element
lens, (b) Photograph of the prototype, (c) Illustration of the spatial mapping
from the LED array into line-of-sight (LOS) directions; position of the LED
array z is increasing away from the lens starting at with z=0 at the front focal
plane of the lens (i.e., prime focus).

III. THEORY

An ideal VLC system would provide a large number
of independent, simultaneous, high-speed, and bi-directional
datalinks covering a large room with zero crosstalk between
datalinks. To replace conventional luminaires, it should also
provide high quality and uniform lighting, have a long lifetime
and be inexpensive. Our recent work on IBBS provides a
scalable solution to enable ideal VLC systems as it can provide
numerous datalinks out of a single aperture using low-cost
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components without costly mechanical or phase-based steering
[17]. As illustrated in Fig. 2(a), an IBBS transmitter (Tx)
uses a planar array of independently driven sources positioned
at the front focal plane of an imaging optic. Emission from
each source is collected, collimated and steered into a unique
LOS direction based on its position in the focal plane. In a
rectilinear lens with low distortion, the mapping from focal
plane position to LOS is accurately described by first-order
optics as

(θm, ϕn) =

(
tan−1

(
xm

f

)
, tan−1

(
yn
f

))
(1)

where f is the lens focal length, (xm, yn) are the coordinates
of the center of the emitter in the mth column and nth row
while (θm, ϕn) are the conjugate LOS directions. The field-
of-view (FOV) coverage of an M × N array is FOV =
tan−1(pM/f) in the x-axis where p is the column pitch;
and a similar expression follows for the y-axis. This gives the
angular center-to-center distance between emission from LEDs
at opposite edges of the array and neglects their beam width.
With the source array positioned precisely at the lens front
focal plane, emission from each source is passively steered
by the lens into its infinite conjugate direction. This could
be described as Fourier Transform Beam-Steering when the
array is constrained to the Fourier (i.e., focal) plane, however,
we show that displacing the array from prime focus gives
useful control over beam divergence. In this context, the term
IBBS is more appropriate when we consider imaging to finite
conjugates as well.

In principle, the same architecture could be used for IBBS
receivers (Rx) by replacing the sources and drive electronics
with high-speed photodetectors and signal processing. The Rx
and Tx could share the same aperture employing a beam-
splitter to separate the Rx/Tx paths in the space leading
up to the lens - we will refer to this as “image” space
whereas beams propagate between distant transceivers in “ob-
ject” space. In the remainder of this paper, we confine our
discussion and prototype demonstration to an IBBS Tx. While
there is some symmetry between Tx and Rx, the Tx side
presents a particularly challenging set of requirements for
VLC implementation as it must meet requirements for both
illumination and communication [26]. Likewise, some VLC
architectures consider hybrid networks that only use optical
domain for downlink (i.e., Tx from the hub to end-use devices)

TABLE I
OPTICAL SYSTEM PARAMETERS

surface Radius (mm) Thickness (mm)
Object (LED Array) infinity 9 + z (defocus)

L1 Front infinity 32.62
L1 Back -38.76 3
L2 Front infinity 11.45
L2 Back -77.52 1
L3 Front infinity 11.45
L3 Back -77.52 2000

Image (Floor) infinity

All glass is BK7, EFL is 41.56(mm), Entrance pupil diameter is 106(mm),
Object Space NA is 0.66

while RF is used for uplink in order to simplify the hardware
requirements at end-use devices [27].

It is important to recognize some characteristic features of
this beam-steering solution: 1) steering is restricted to discrete
LOSs with one LOS per source, 2) steering a data stream is
realized by selecting which source to use for the stream, and 3)
a virtually unlimited number of sources could be steered out of
a single aperture. The last characteristic arises from the non-
interacting nature of photons combined with the passive optical
steering mechanism in IBBS but, in practice, the number of
independently driven sources is limited by the area available
for sources and drive circuitry. An ideal IBBS source array
would contain a large number of high-speed emitters packed
at high-density covering a large area (comparable to f2, for ex-
ample) because this spatial arrangement determines the num-
ber of independent channels, link bandwidth, FOV coverage
and system resolution. However, realizing this combination is
difficult and such ideal sources are not commercially available
today. Similar source technologies have been demonstrated for
infrared communications and LIDAR imaging using VCSELs
[28], fiber bundles [1], and photonic integrated circuits [17].
For VLC, each emitter must also provide good color quality
(i.e., white light with a desired color temperature and high
CRI) and sufficient brightness into its portion of the FOV, i.e.,
the instantaneous FOV, iFOV.

A well-corrected lens can yield low beam divergence (∆θ)
even from wide angle sources such as LEDs, VCSELs or
compact gratings. In [18], we demonstrated few mrad beam
divergence from a non-directional (i.e., Lambertian) organic
LED source array. A lens with diffraction limited performance
yields spot size given by the Airy disk diameter b = 2.44λF ,
where F = f/D is the lens F-number and D is its entrance
pupil diameter. When b is smaller than the emissive width
of the source (d) so that b < d, beam divergence is limited
geometrically by ∆θ = tan−1(d/f); thus longer focal length
and smaller source reduce beam divergence. Lens aberrations
could further degrade beam collimation but well-corrected
lenses are readily available for a wide-range of focal lengths
and spectral bands.

Optical efficiency (ηopt) of an IBBS Tx can be quantified as
the fraction of radiant flux contained in the collimated beam
compared to the total flux leaving the source. This efficiency
can be high if the angular emission of the source lies within
the acceptance cone of the lens. On-axis the acceptance cone
of the lens is given by the half-angle (α) as

α = tan−1

(
D

f

)
= tan−1

(
1

2F

)
= sin−1

(
NA

n

)
(2)

where NA is the numerical aperture and n is the index of
image space - typically air with n = 1 in this application. If
source emission lies within α, light can couple efficiently into
the entrance pupil and coupling can approach unity limited
by reflection, absorption losses and vignetting propagating
through the lens. The efficiency of coupling non-directional
sources such as Lambertian emitters can be calculated for a
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point-source on-axis as

ηopt =

∫ α

0

∫ 2π

0
g(θ, ϕ) sin(θ)dϕdθ∫ π/2

0

∫ 2π

0
g(θ, ϕ) sin(θ)dϕdθ

(3)

where g(θ, ϕ) is the radiant intensity of the source in W/sr,
θ is the “elevation” angle from the emission axis, ϕ is the
“azimuth” or rotation angle about the emission axis. The ϕ
integrals span 0 to 2π in both the numerator and denominator.
In the numerator, the θ integral includes all light collected by
the lens - spanning 0 to the acceptance cone angle α from Eq.
(2). The θ integral in the denominator includes all light emitted
- spanning 0 to π/2. If the emission is rotationally symmetric
where g(θ, ϕ) = g(θ) or even just separable g(θ, ϕ) =
gθ(θ)gϕ(ϕ), the ϕ integrations cancel out. Furthermore, if
the source is Lambertian with g(θ, ϕ) = P0 cos(θ), then Eq.
(3) reduces to ηopt = P0 sin

2(α). Additional losses from
propagation through the lens system can be minimized with
anti-reflection coatings. Off-axis several lens characteristics
could degrade ηopt including increase in effective F-number,
large chief-ray skew angles and vignetting. Lens aberrations
are also likely to be significant away from the optical axis.

When the IBBS lens is precisely focused, it will produce
an image of the source array projected to an infinite conjugate
distance. Additionally, this image will reproduce any dark
spots on the source array caused by source gaps, resulting in
spotty lighting with poor spatial uniformity. Gaps in the array
can be minimized by using a monolithically integrated LED
array fabricated on a single chip, but high-density integration
of high-speed driver circuitry presents a challenge. To address
illumination gaps, one could use a diffuser or deliberately
defocus the lens to soften dark or bright spots and improve
uniformity. However, this typically results in additional optical
losses and/or increased crosstalk between adjacent channels.
We evaluated both methods and discuss in detail how defocus
can be used to find a balance between spatial uniformity and
channel isolation; we briefly discuss the impact of a diffuser
in Section V.

Spatial illumination uniformity (U ) is quantified using the
steady-state luminous flux density (i.e., illuminance) distribu-
tion as

U =

√∫
A

[
L2−<L>2

A

]
dxdy

< L >
=

√∫
A

[
I2−<I>2

A

]
dxdy

< I >
(4)

where L(x, y) is illuminance (notionally on the table or floor
of an illuminated room), < L > is the spatial average of
L over the illuminated region of area A and the integral
is evaluated over the same region. Thus U is the standard
deviation normalized by the average illuminance; we consider
U < 10% for good lighting of indoor environments [29],
[30]. Proper characterization of lighting must consider L
which weights the illumination by the eye spectral response to
quantify the perceived brightness. Through normalization by
< L > this particular metric (U ) allows the second equality
cast in terms of irradiance I(x, y) and its spatial average
< I >. This is convenient because the communication aspect
of VLC systems depend on I and the receiver’s spectral
response rather than L. Notably, this second equality holds

true only if the illumination is spectrally uniform across the
illuminated area; then L(x, y) = CI(x, y) where C is the
spectral overlap integral between the illumination and eye
response which is a constant under these conditions.

crosstalk between (spatially) adjacent channels can be quan-
tified using the overlap integral of the irradiance patterns of
any two channels. Let channel (m,n) refer to the light beam
transmitted from the LED on the mth row and nth column
of the LED array. If channel (m,n) has an irradiance pattern
Im,n(x, y) and channel (i, j) has a pattern Ii,j(x, y) then the
fractional overlap of Ii,j(x, y) on Im,n(x, y) is:

Xm,n
i,j =

∫ √
Im,nIi,jdxdy∫
Im,ndxdy

. (5)

This is useful to characterize the degree of crosstalk at the
system level, but in practice a receiver samples only a small
portion of a channel(s) emission so that the amount of crosstalk
received depends on the precise location of the receiver within
the irradiance pattern of the VLC bulb.

Crosstalk into a receiver’s aperture represents an interfer-
ence that degrades the integrity of the intended signal. We
adopt SINR as a measure of signal integrity in the presence
of interference caused by crosstalk. The SINR for channel
(m,n) is given by

SINRm,n(x, y) =
ARxIm,n(x, y)

Pnoise +ARxIinterference
(6)

where ARx is the receiver aperture, Pnoise is the noise
power and Iinterference is the irradiance at the receiver from
any other communication channel due to crosstalk. ARx is
assumed small so that the irradiance across its aperture can
be considered constant, Im,n(x, y), depending on its (x, y)
location. The noise power is given by Pnoise = σ2

T+σ2
D+σ2

BG

where σ2
T = 4kBTBFn/RL is the thermal noise power,

σ2
D = 2qBJDRL is the shot-noise power from dark current,

σ2
BG = 2qBJBGRL is the shot-noise power from steady-

state background illumination [31]. Here, kB is Boltzmann’s
constant, T is temperature, B is system bandwidth, Fn is a
detector noise figure, RL is the detector’s load resistance, JD
is the detector dark current, JBG = RIBGARx is the pho-
tocurrent generated by steady-state background illumination,
R is the spectrally-averaged detector responsivity, and IBG is
the steady-state background irradiance at the receiver aperture
ignoring any modulated optical signals. The spectral average
in R includes the LED emission and detector response spectra
to yield the correct photocurrent given a broadband irradiance,
IBG, from the source. We disregard shot-noise fluctuations
on intentionally modulated irradiance (i.e., interference arising
from crosstalk) and simply count this power directly in the
SINR metric; small (i.e., shot-noise) fluctuations on a large
fluctuating (i.e., modulated) signal are not considered signifi-
cant. Interference includes any direct coupling due to crosstalk
between channels and is given by

Iinterference =
∑
i̸=m

∑
j ̸=n

Λi,jIi,j(x, y) (7)

where Λi,j = 1 or 0 if channel (i, j) is actively transmitting
data or not. We disregard any indirect coupling caused by the



6

reflection or scattering of other-channel emission throughout
the room in this case. While such multiple-bounce paths are
a concern in spatially-multiplexed VLC systems, they are
difficult to model due to their reliance on the layout of walls
and objects in a room.

IV. PROTOTYPE

We designed and prototyped a VLC bulb to illuminate
a 60degree FOV for covering 2×2m on the work surface
in the room from a height of 2 meters while providing
optical downlinks. The bulb is intended for use along with
conventional Wi-Fi, where Wi-Fi provides uplink and the bulb
augments Wi-Fi with additional downlink bandwidth. This
architecture provides the additional bandwidth where it is most
needed as the downlink data volume is typically significantly
larger than uplink. It also provides a simple architecture
where remote transceivers (i.e., end-user devices or clients)
can utilize the optical downlink with a simple omni-directional
receiver and don’t need hardware for an optical uplink. Such
a hybrid (optical + RF) solution also simplifies the process of
establishing and maintaining the optical link because there is
a single directional component (the optical downlink) while
the omni-directional RF link can be used to facilitate link
initialization and maintenance [32].

A. Bulb Design: Dome Lens, LED Array, and Driver Circuitry

The bulb design focuses on Tx beams’ coverage of the room
as well as illumination uniformity. The Tx is made of an array
of 5× 5 individually addressable emitters consisting of com-
mercially available white phosphorus LEDs with an emissive
area of 25mm2. Each LED (model: GW P9LT32.EM-PTPU-
XX51-1) is actually comprised of ten individual pump emitters
potted inside a phosphor-doped polymer housing. These sub-
LEDs cannot be driven independently but are visible in the
projected illumination pattern when the Tx plane is precisely
at the front focal plane of the lens. All 25 LEDs are soldered
onto a 4-layer PCB board with a 5.73mm pitch, which leaves
≈0.73 mm of dark space between the ≈5mm wide emissive
regions of adjacent LEDs. We designed a printed circuit board
(PCB) for the 25-LED array and soldered small solid state
relays on the backside of the PCB to switch each LED between
DC mode (illuminating but not transmitting) and AC mode
(illuminating while transmitting). Each LED can provide a
luminous flux up to 710lm at 750mA drive current. In theory,
the 25-LED bulb provides a maximum flux of 17,750 lumens
or an equivalent of roughly eleven standard 100W light bulbs
[33]. However, driving all LEDs at full power creates an
uncomfortable amount of light at standard ceiling heights and
we start to observe excess heating on the PCB. For all testing
reported here, we reduce the drive current to 50mA at 5.45V
which yields a total luminous flux of 106 lumens comparable
to a standard 60W [≈10W] bulb.

A schematic of the Tx and photo of the assembled prototype
are shown in Figs. 2(a) and (b), respectively. We used a
DC power supply (model: TENMA 72-6851) to drive all
LEDs in DC mode and switched up to two LEDs at a time
into AC mode where they were driven by an FPGA (model:

SPARTAN 3E) capable of providing two simultaneous data
streams at rates up to 20 MHz. Switching was performed
manually by moving jumper cables between header pins on
the PCB to switch the relay control signal from ground to
5VDC. In principle, this could be easily automated using the
same microcontroller that would be used in a full system to
instantiate, maintain and drop links as clients move through
the bulb’s FOV. The PCB design included 4 clearance holes to
fit onto a 100 mm optical rail standard to facilitate alignment
of the PCB with the lens assembly.

The lens design utilizes three off-the-shelf, uncoated, plano-
convex lenses with 75mm diameter. The prescription and
first-order characteristics are provided in Table I. Design
optimization was conducted in ZEMAX to yield a wide FOV
with minimal vignetting of the peripheral LEDs and short
track length rather than minimizing aberrations. We considered
our bulb tolerant to fairly large optical aberrations because
we anticipated using optical blur to fill-in illumination gaps
to improve uniformity. The effective focal length (EFL) is
44.56mm, half FOV is 42◦, F/# is 0.57, total track length
is 68mm, the front focal length (FFL) is 10mm, and the
magnification is M = 43. At prime focus, vignetting is
<2% from the top/bottom LEDs and <3.5% from the extreme
diagonal LEDs. Vignetting is calculated as the fraction of lost
rays emitted within the axial acceptance cone (for the corner
LED with x=y=16.5mm, it was 33)(≈30◦) and averaged over
the emissive area of the respective LEDs.

The three lens elements were mounted in a 2” total track
(i.e., depth) and 3” diameter lens tube using retaining rings.
The retaining rings reduce the clear aperture diameter of
the lenses by ≈1mm. This was not included in the optical
model but its impact is expected to be minor. Elements were
positioned manually using a graduated spanner wrench without
optical feedback and this typically results in a placement accu-
racy of ≈100µm. The lens assembly was affixed into a cage-
mount tube holder (CTH, model: SM3L10,SM3L5,SM3T1)
and four optical rails were used to adjust the spacing between
the lens and the PCB. An opaque black cloth was used as
a baffle to minimize light leakage (i.e., bypassing the lens)
into the room but this remains the most significant source
of background illumination. The PCB was epoxied directly
to rails after assembly and then the rails were slid through
CTH to adjust distance between the PCB and the lens mount.
The alignment error between the PCB normal and the cage
axis is expected to be <0.5◦. Five different PCB distances of
z = {0, 3, 5, 7.5, 10}mm from prime focus were investigated
corresponding to different defocus conditions of 0%, 6.6%,
11.1%, 16.7% and 22%, respectively. The defocus amount
was oriented to increase the track length in order to maintain
a real image projection but this reduced coupling efficiency
with increasing defocus.

B. Experimental Measurements

The simultaneous irradiance patterns (i.e., maps) of all 25
LEDs were measured in DC mode by projecting the bulb
emission horizontally onto a white projector screen. Horizontal
measurements were conducted to characterize the bulb for
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convenience despite the intended ceiling-mount configuration.
As shown in Fig. 3, the bulb was mounted with its axis
parallel to and ≈1m above the lab floor. The screen was
positioned 2m away from the bulb and perpendicular to its
optical axis. Ambient room lights were minimized during
all experimental characterizations. Irradiance patterns were
recorded by taking a high-resolution photo of the illuminated
screen using a camera (Sony α6, 000 with a 16-50mm, F/3.5-
F/5.6 lens) positioned at approximately the same location as
the bulb - separated by a few inches due to the physical
size of the two systems. Grayscale images were taken using
the camera’s native color-to-grayscale conversion, which we
expect to be accurate given the spectral uniformity of the bulb.
Spatial sampling of the screen irradiance is ≈48µm and the
camera exposure was set so that the peak irradiance fills the
camera’s 12-bit depth to ≈60% to avoid saturating the image.
The camera settings were fixed to F/# =3.5, shutter speed
of 1/250 seconds, and sensitivity of 2,500 ISO throughout
the measurements. The image data were normalized to pixel
values spanning 0 to 1, where 1 corresponds to the maximum
intensity of the central LED. These patterns were used to
evaluate lighting uniformity.

Individual irradiance maps were measured using the same
setup described above but turning one LED on at a time. Each
map was normalized to its peak value and these patterns were
used to evaluate crosstalk and SINR. Semi-experimental SINR
maps were generated using these irradiance patterns via Eqs.
(6)-(7) while neglecting receiver noise and assuming that all 25
channels are utilized for communications, i.e., Λi,j = 1 for all
LEDs. We calculate “Peak SINR” (P-SINR) using irradiance
maps assuming a receiver located in the center of the beam
emitted from the central LED on the array. This is a convenient
reference to compare the impact of defocus; however, note that
the real maximum in SINR occurs near the extreme corners
where the signal is smaller than the central beam but the
interference is even smaller since the other transmitting LED
is located at the other corner. Also recognize that the P-SINR
is a near-worst-case scenario in which all LEDs are assumed
to be actively communicating.

A lux-meter (model: AMPROBE LM-100) was used to

Fig. 3. The system configuration for measurements

Fig. 4. Coverage Regions corresponding to each transmitter; (a) LED Array
(b) Prime focus, i.e., 0% defocus, (c) 6.6%, (d) 11.1%, (e) 16.7%, (f) 22.2%
defocusing percentages.

measure the peak illuminance on the screen by positioning its
aperture in the center of the central LED. Measurements were
made at each defocus condition to account for variations in
outcoupling efficiency with varying defocus. Prior to use, the
lux-meter was calibrated to convert the LED spectral content
directly into lumens. This measurement allows a photometric
conversion between camera-based irradiance maps generated
above and illuminance maps; alternatively, converting lux-
meter measurements into watts and dividing by the lux-meter
aperture provides conversion from normalized irradiance maps
into absolute irradiance maps.

P-SINR was measured using a high-speed photodetector
(model:PDA36A) positioned at the screen and centered in the
emission from the central LED. An F/1.53 lens with EFL of
35mm was used to collect irradiance from a 1” diameter region
on the photodiode. The signal was generated by driving the
central LED with a 2MHz squarewave (i.e., 50% duty cycle).
Interference from a single competing channel was measured by
turning the central LED off, modulating the competing LED,
and recording the average power coupled into the photodiode.
Total interference is calculated using Eq. (7) by summing
contributions from all 24 competing LEDs. The experimental
P-SINR is taken as the ratio of the received signal power to
the total interference power.

V. RESULTS

We performed several measurements from the prototype and
compared them to a simulation model.

Optical irradiance simulations were conducted using FRED
Optical Engineering Software [34], [35]. Each LED is sim-
ulated as a uniform 5×5mm2 emissive area with Lamber-
tian angular distribution and spectrum that matches the LED
datasheet. Emission from all 25 LEDs was simulated using
5×109 rays from each LED to generate color-coded irradiance
maps from the simulations. Subsequently, optical simulations
were refined to capture the sub-LED structure observed near
prime focus. Here, the ten sub-LEDs (of an LED) were
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Fig. 5. Simulated illumination profile at (a) 6.6%, (b) 11.1%, (c) 16.7%, and (d) 22.2% defocusing percentages. Experimental illumination profile at (e)
6.6%, (f) 11.1%, (g) 16.7%, and (h) 22.2% defocusing percentages.

simulated and arranged into the pattern indicated in the LED
datasheet. Simulated irradiance maps are compared with mea-
sured results including both qualitative spatial patterns and
P-SINR.

A. Impact of Defocus on Lighting Uniformity

Raytracing results from FRED simulations under the five
defocus conditions are provided in Fig. 4. LEDs are modeled
as uniform (square) intensity sources without sub-LED struc-
ture to illustrate the imaging relay provided by the optics. Rays
are traced from the different parts of each LED, through the
lens assembly, and to a flat surface located 2m from the lens.
Rays from each of the 25 LEDs are color-coded according to
the LED source layout illustrated in part (a). Parts (b)-(f) show
the relative confinement and mixing associated with different
defocus conditions, respectively, corresponding to: 0, 3, 5, 7.5,
and 10mm of defocus.

Fig. 5(a-d) shows the results of the FRED modeling in-
cluding the ten sub-LEDs comprising a single LED source.
Here emission from all LED sources are summed to generate
irradiance maps showing the cumulative irradiance projected
onto a screen 2m away from the lens. In all images, the gray
scale is normalized from 0 to 1, where 0 represents no light and
1 represents peak irradiance in the image. The x and y scale on
all images covers the same 2m×2m region. Parts (e-h) show
photos of the projected irradiance pattern in the experimental
setup. Parts (a) and (e) show the modeled and experimental
irradiance maps for a 6.6% defocus, parts (b) and (f) show
for 11.1% defocus, parts (c) and (g) show for 16.7% defocus,
and parts (d) and (h) show for 22.2% defocus. The agreement
between the model and the experiment is very good, but
there are small differences. The experiment exhibits secondary
scattering from the LED package and lens surfaces, evidenced
by additional illumination in the non-emissive space between

LEDs and in each LED square surrounding the sub-LEDs. The
model accounts for optical blur but not these multipath effects.
This scattering actually improves illumination uniformity at
the expense of channel isolation. Both model and experiment
show the irradiance pattern becomes more uniform as the
defocus is increased leveraging the optical blur to mix the
spatially independent channels. Section VI discusses the trade-
offs between uniformity and isolation for this system in more
detail.

Fig. 6(a) shows the power distribution cross-section of
the simulated and experimental results. Cross-sections were
obtained from Fig. 5 images by performing a vertical average
of 15 consecutive rows cutting across the center of each
respective image near y = 0mm, which results in a smoothed
representation of the y = 0mm data. The simulation results are
not normalized because photometrically accurate models were
used for the LEDs as described in Section IV. However, the
experimental data was normalized for each defocus according
to the illuminance measured independently using a lux-meter
positioned at the center of the bulb’s illumination. This nor-
malization accounts for the unknown conversion from radiant
flux to digital levels in the camera imagery. In Fig. 6(a), five
obvious peaks are easily recognizable for 6.6% (black) and
11.1% (red) defocus due to the distinct dim regions associated
with non-emissive areas on the LED source array. As the defo-
cus increases, these peaks and dips disappear since increasing
blur leads to a more uniform intensity profile. Good agreement
between the simulation and the experiment is evident through
the close alignment of the peaks and dips. While increasing the
defocus smooths the illumination pattern, the total luminous
flux drops as the Lambertian LED emission is coupled less
efficiently through the lens. As the working distance increases
with defocus, less light is coupled to the entrance pupil of
the lens as the angle α in Eq. (3) decreases according to
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Fig. 6. (a) Intensity profile at y = 0 as a function of defocus percentage.
(b) Illumination uniformity, U , from Eq. (4) for various defocus conditions.

α = tan−1(D/2(f +∆z)). The observed reduction in power
agrees well with the model where the coupling efficiency is
62% at the prime focus and drops to 51% at ∆z = 10mm. The
illumination uniformity is shown in (b) for a 2m×2m square
region and centered at x=y=0; the uniformity is evaluated
according to Eq. (4) as the ratio of the standard deviation
normalized by the average illuminance (STD/Ave). The impact
of defocus on uniformity is masked by the roughly Gaussian
envelope of the illuminance pattern, whereas the uniformity
of a nominally flat-top illuminance pattern would be more
sensitive to the pronounced dark regions observed at small
defocus.

B. Impact of Defocus on SNR and SINR

An additional set of 25 irradiance maps were measured
using the same configuration as in Fig. 5 except that only
one LED was turned on at a time to obtain the distribution
of irradiance from all 25 LEDs as projected onto a screen

at a distance of 2m, including optical blur and multipath
effects. This data was collected to calculate high-resolution
interference maps. An example SINR map for four defocus
cases is shown in Fig. 7(a)-(d). Here, all 25 LED sources are
considered to be transmitting data utilizing the full capacity
of the bulb’s 25 data channels because this provides a worst
case scenario for SINR. In general, all channels would rarely
be utilized at once and the SINR will generally be higher
than shown. The SINR maps are generated by considering
the origin of all irradiance arriving at each location in the
illuminated area. Signal irradiance comes from the single LED
that provides the most light at a given location - this LED
is designated to cover this location in the room. Interfering
irradiance is the sum of all contributions at that location from
all 24 other LEDs. Of course, the most significant contri-
butions to interference come from the immediately adjacent
LEDs while more distant LEDs contribute less. Likewise,
with even the smallest defocus, interference dominates the
receiver noise. The low SINR transitions between zones are
affected by defocus-induced blur but cannot be eliminated in
this prototype; eliminating dead-space in the transmitter array
and operating at prime focus is the most effective way to
reduce the footprint of the low SINR regions. Here, we want
a small amount of defocus as in (a) or (b) to retain sufficient
SINR to maintain channel link integrity; however, this results
in reduced lighting uniformity than we get with larger defocus
as in (c) or (d). We consider the 11.1% defocus as an optimal
balance for signal integrity and uniformity when all channels
are allowed to operate simultaneously. In Section VI, we
discuss alternative protocols to increase SINR or allow more
blur to achieve greater uniformity at the expense of bandwidth.
The peak SINR values in the maps lie at the distal corners of
the map, which exhibit relatively low irradiance overall. This
arises due to reduced interference because there are fewer
adjacent LEDs contributing irradiance to these regions. If
additional bulbs were used to provide additional VLC lighting

Fig. 7. SINR map for (a) 6.6%, (b) 11.1%, (c) 16.7%, and (d) 22.2%
defocusing percentages. The top color bar applies to (a) and (b) while the
bottom applies to (c) and (d).
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over a larger room area, they would likely be spaced on a 2m
grid with some overlap in illumination around the border, and
this may reduce these peak SINR values at the extremities.

Fig. 8 shows the SNR and SINR at the center of the
bulb illumination pattern as a function of defocus. SINR is
calculated from the FRED simulations shown in Fig. 5 (a-
d) and compared with two experimental measurements. SNR
values drop the interference contributions in Eq. (6) and reflect
the maximum SINR generated if only one channel is used at
a time. The SINR curves represent the maximum interference
with all channels in use at full capacity. In general, commu-
nication protocol designs to manage interference would boost
SINR toward the SNR curves. Both experimental methods use
a receiver positioned at the center of the bulb illumination
pattern. Method 1 is a time-domain measurement using the

Fig. 8. Signal-to-noise ratio (SNR) and SINR as a function of defocus for a
receiver centered in the bulb illumination pattern. Method 1 utilizes the beat
amplitudes from adjacent LEDs driven at different frequencies; method 2 uses
DC measurement of power received from each LED. Both are combined using
Eqs. (6) and (7) to compute SINR while SNR is computed without considering
interference from other LEDs. Inset: power contributed from each LED to a
1cm diameter receiver positioned at the center of the bulb emission with
11.1% defocus. Scale bar and text values are in dBm.

mixed (i.e., beat) signal generated by two LEDs (the central
LED and one adjacent LED) modulated at slightly different
frequencies while all other LEDs are on for illumination
but not transmitting. Separate measurements were made for
both the nearest-neighbor (NN) and nearest-diagonal-neighbor
(NDN) while interference contributions from more distant
LEDs are considered negligible. The interference power ex-
tracted from these two-channel measurements were scaled four
times to capture the degradation from all 4 NNs (left, right, up,
and down) and all 4 NDNs (up-left, up-right, down-left, down-
right). Method 2 measures the power on a receiver positioned
at the center of the bulb illumination pattern. The received
power is measured for each LED one by one (all other LEDs
turned off) and these measurements are summed according to
Eqs. (6) and (7). The inset shows the power contributions of
all 25 LEDs for a receiver centered in the illumination pattern
according to method 2 with a defocus of 11.1%. As expected,
there is clear isolation between the channels and the most
significant interference comes from nearest neighbors. Overall,
there is excellent agreement between the model results and
both experimental measurements - the largest departure is on
method 1 measurements at large defocus where the beat signal
is weakest resulting in the largest errors extracting the relative
power amplitudes from the two modulated sources.

C. Impact of a Diffuser at the Focal Plane

Next, we consider the effect of utilizing a diffuser to modify
the irradiance profile of the LED array in an attempt to further
increase the illumination uniformity and SINR. We positioned
a diffuser at the lens focal plane while the LED array was
defocused away from the lens; in this configuration, the LED
array illuminates the diffuser positioned at prime focus, and
the diffused light was relayed by the lens to illuminate the
room. The LED emission expands over a short distance to the
diffuser filling in some of the dark (i.e., non-emissive) regions
across the LED array, the diffuser scatters this light and the
lens projects the image of the diffuser at prime focus. We
evaluated this configuration using ground glass diffusers from
Edmund Optics with grits of 220, 600 and 1500 lines per inch.
We modeled the diffuser in FRED as a square plate (100mm
× 100mm) made of N-BK7 with a thickness of 1.6 mm.
Intensity profiles for the diffusers were translated to Harvey-
Shack normalized Bi-Directional Transmittance Distribution
Function (BTDF) models for use in FRED. A finer grit (such
as 1500) results in a smaller diffuser pattern, whereas a coarser
grit (such as 220) results in a larger diffuser pattern. As
illustrated in Fig. 6(b), ground glass diffusers polished to a
coarser grit have the ability to increase lighting uniformity
while also modestly increasing SINR (0.5 dB). Utilizing such
diffusers will also aid in smoothing out the illumination
inconsistency generated by each LED’s integrated smaller
LED chips. Fig. 9 simulates the effect of a 220-grit diffuser
deployed at the focal plane on the irradiance pattern produced
by the bulb; corresponding patterns without the diffuser are
reproduced for comparison. The experimental results follow
the model results shown, which were used for quantitative
analysis. As expected, the diffuser increased the uniformity
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TABLE II
PARAMETERS FOR RECEIVER AND NOISE MODELING

Coefficient Value
Receiver Aperture Area 1 cm2

Responsivity, R 0.8A/W
Max electronic bandwidth, B 20 MHz

Optical bandwidth 350− 1100 nm
Equivalent temperature, Te 300 K

Thermal Noise, Pnoise 5.15× 10−15 W
Load resistance, RL 1 kΩ

Dark current, Idc 1.226× 10−9 A

of the illumination pattern by smoothing out the sub-pixels
embedded within each individual LED and partially filling in
the dark regions between LEDs. However, the improvement
in SINR and uniformity was minor and it was not worth
introducing an additional component and optical loss into the
basic bulb design.

D. The Impact of Noise

Noise is a key parameter in VLC link budgets. Noise sources
are comprised of: 1) interference from other VLC channels,
2) Johnson (i.e., thermal) noise intrinsic to the receiver, and 3)
shot noise due to detector dark- and photo-currents. Intrinsic
detector noises (Johnson and dark current shot noise) are ex-
pected to be small in the bright and noisy indoor environment.
We adopt a simple model and consider irradiance from other
VLC channels to directly add to receiver noise because these
modulated signals degrade visibility of the desired signal; this
”interference” is expected to be the dominant noise in dense,
spatially-multiplexed VLC systems. Steady-state irradiance
from ambient sources including constant (i.e., unmodulated)
indoor illumination and sunlight present a constant photocur-
rent (JBG) that is readily filtered in receiver circuitry; the shot-
noise power from this photocurrent has a standard deviation
of σ2

BG = 2qBJBGRL. To consider the impact of this noise,
we compare the steady-state (i.e., background) irradiance
(IBG) needed to yield shot-noise comparable to a typical NN
interference; while NN interference depends on the location
of the end-point receiver within the bulb’s illumination pattern
(c.f. Fig. 5) we take a nominal value of 158 µW corresponding
to the NN interference into a 1 cm diameter receiver centered
in the bulb illumination (i.e., centered in emission from the
central LED) according to the inset of Fig. 8.

The amount of background irradiance allowed before shot-
noise from that source is comparable to NN interference is
found by setting σ2

BG(IBG) = 158µW and inverting to find
IBG = 3.09×104 W/cm2 or roughly 30,000 times larger than
solar irradiance on a sunny day. This supports the conclusion
that noise is dominated by interference associated with channel
crosstalk. In Table II, we have compiled a list of important
system parameters which we use to characterize the SINR.

VI. INTEGRATION TO VLC SYSTEMS

The preceding sections introduced a novel VLC transmitter
that provides N=25 spatially-separated channels using non-
mechanical IBBS. Each channel can operate simultaneously,
increasing the system throughput by a factor of N times the

channel bandwidth. Integration of this design into dense VLC
networks opens new opportunities, but also brings challenges,
some of which we discuss next.

A. Mobility and Handover

Recognizing new end-point users within the FOV, allocating
VLC channels to them, and tracking to maintain the VLC link
present new challenges for spatially-multiplexed VLC systems.
This is necessary to have efficient hand-over (HO) mechanisms
in place to establish and maintain a connection while the
user is moving between projected light spots. Our dome
bulb design can be used to facilitate various HO mechanisms
depending on what capabilities the receivers have. In a hybrid
VLC network where receivers can use a Wi-Fi uplink to a
controller in the bulb, our dome bulb design can utilize a
horizontal HO [16], [36] method to handle mobile users. In this
method, the bulb periodically transmits SEARCH frames via
its transmitter LEDs to conduct a search for new receivers in
the room. Each LED in the array has a unique local identifier,
k, transmitted in the SEARCH frames. These SEARCH frames
are similar to Ethernet request-to-send (RTS) messages, except
that the LED’s local ID is included. As a mobile user X
enters the room, these SEARCH frames are received. After
receiving the SEARCH frame from LED k, the user transmits
an acknowledgment (ACK) frame via its Wi-Fi transmitter
(similar to a clear-to-send, CTS, frame in Ethernet) to the
controller in the bulb. This ACK contains the Ethernet/medium
access control (MAC) address of the user, as well as the local
ID of the LED from which the SEARCH frame was received,
k. The ACK signal indicates to the bulb that user X is at the
spot that is illuminated by the LED k, which means that the
controller can steer the data packets destined for user X to
LED k on the array. As the user moves around in the room,
it will be associated with its corresponding LED in the array
using this SEARCH-ACK HO protocol.

Our bulb design uses defocusing to increase the uniformity
of the lighting in the room. Increased defocusing improves
lighting in the room and eliminates spotty lighting on the
floor, which is an important goal of LiFi networks, but at
the cost of crosstalk interference from adjacent cells and
a decrease in the receiver’s HO protocol’s efficiency. The
increased defocusing will cause the user X to receive multiple
LED IDs, from the primary transmitting LED and also from
adjacent LEDs that leak optical power to the user due to the
LED array’s interference and defocusing. The receiver can
filter out the highest-intensity SEARCH frame by measuring
the received signal strength indication (RSSI); however, the
defocusing will make it more difficult for the receiver to use
the maximize RSSI method to determine the local ID of its
intended transmitting LED. The inset of Fig. 8 illustrates that
interference is dominated by the nearest (NN) and nearest
diagonal (NDN) neighbor emission while more distant LEDs
contribute negligible interference. The receiver can use this
information to improve its HO algorithm, enabling it to
identify the transmitting LED’s local ID more efficiently when
multiple streams are received as a result of defocusing-induced
interference.
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B. Receivers and Uplink

Design of a proper receiver at the mobile user and inte-
gration of uplink from the user to bulb present new technical
challenges. To establish optical uplinks to the overhead bulb,
end-point devices (i.e., users) must have an optical receiver and
transmitter with a clear LOS to the bulb. Optical uplinks would
require an optical receiving path via an adjacent aperture or
sharing the same aperture. In principle, the LED array and
driver circuitry in the transmitter could be replaced with a
photodiode array and detector circuitry to make a matched
receiver that uses the same spatial filtering through IBBS to

Fig. 9. Improvement obtained at various defocusing percentages when a
220 Grits Ground Glass Diffuser was used at the focal plane.;(a) 11.1%, (b)
16.7% defocusing percentages.

Fig. 10. SINR Improvement when a Ground Glass Diffuser was used at the
focal plane.

provide N independent bi-directional optical channels out of a
single bulb. However, the optical uplink path has very different
requirements (e.g. does not need to provide illumination and
can operate using infrared spectrum), so that an optimized
receiver may look very different from the transmitter.

Mobile devices may use simple, omni-directional receivers
and transmitters without active steering. End-points could
utilize a simple omni-directional photodiode receiver that
could be integrated into smart devices or added using an
external device [37]. For example, in [26], the downlink
(visible) and uplink (infrared) paths were spectrally isolated
to mitigate potential crosstalk concerns between end-point
devices. However, multi-path interference is still a concern
with omni-directional receivers. If one end-point sends light
to another part of the room and that light is reflected toward
the overhead bulb, this will contribute interference to the
channel addressing that part of the room. In contrast, a hybrid
approach could mitigate the multi-path uplink concerns by
replacing the optical uplink with an RF uplink. Of course, the
uplink path loses the benefits of wireless optical connectivity,
including increased bandwidth and tight spatial reuse of the
spectrum. This may be acceptable for end-user access points,
which tend to have significantly larger downlink utilization
than uplink. Additionally, the bulb transmitter could employ an
RF downlink as a backup if the LOS to the bulb is interrupted
[38], [39]. The transmitter design we introduce here could
support both architectures of the system.

VII. CONCLUSION AND FUTURE WORK

We designed and prototyped a VLC bulb that employs IBBS
to passively steer emission from N = 25 LEDs to unique
regions of the room. This architecture allows simultaneous
data transmission on all 25 LED channels to increase downlink
capacity by a factor of 25 beyond the bandwidth of an
individual LED; LED bandwidth was limited to 20 Mbps
while this bulb could provide up to 500 Mbps throughput. We
conducted detailed modeling and compared against experiment
to analyze the lighting uniformity and link SINR. The results
showed that defocus provides a simple mechanism to trade
between uniformity and SINR. We discussed that interference
due to crosstalk dominates other noise sources and identified
mitigation strategies to move from the worst-case SINR re-
ported (i.e., full crosstalk) toward the best-case when there is
no interference. We also discussed additional methods to im-
prove uniformity. This architecture provides a novel platform
for VLC implementation with unique degrees of freedom to
improve performance for dense environments. More generally,
the spatial reuse and simultaneous multiplexing enabled by
IBBS could find application in optical wireless and free-space
optical communication systems beyond the VLC.

For simplicity, we drove all the LEDs at the same bias
level during this work. This led to a gradual reduction in the
envelope irradiance from the center of the illumination pattern
toward the edge. The uniformity could be improved by simply
driving the LEDs with different biases according to their
location in the array. There are two features to compensate
for: 1) optical blur and 2) vignetting. Optical blur increases
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toward the edge so that the emission from edge LEDs is
spread out more, lowering the irradiance they contribute. This
is exacerbated at the edge of the array by fewer nearest
neighbors and nearest diagonal neighbors to contribute spill-
over irradiance to edge LED zones. Vignetting is caused by
inefficient coupling through the lens apertures toward the
edges of the array. As noted before, the LEDs could be driven
at much higher powers given better thermal management (e.g.
using higher temperature solder, and heat sink) so there is
room to boost power toward the edge of the array and increase
uniformity.

Furthermore, we neglected to account for the SINR degra-
dation caused by optical multi-path effects which arise from
indirect (i.e., non-LOS) routes between Tx and Rx. Reflections
from walls, floor and other objects in the room can cause
signals to propagate from the bulb to end-point receivers
over multiple paths; these are usually diffuse reflections that
can be described via a Lambertian radiation model. [40],
[41] Multipath propagation of optical signals introduces time
dispersion that can generate inter-symbol interference (ISI);
two bounces around a 3m wide room to traverse an additional
6m of path induces 20 ns of delay or 40% of the bit rate in a
20 MHz system. In [40], R. Raj et al. describe a multipath
channel model and its detrimental effects for indoor VLC
systems. Efficient equalization techniques, such as Multiple
Symbol Detection algorithms, can be used to mitigate ISI [26].

Finally, the cost and size of our design can be optimized
for the room that it will serve. We utilized 25 LEDs arranged
in a planar 5×5 grid to illuminate a small office area of 4m2

with a covering angle for 60×60 degrees. It may be possible to
attain the illumination and communication goals with an array
of fewer LEDs. Likewise, the size of the dome-shaped lens
(which was the total track (depth) of 2” and 3” diameter lenses
in our prototype) can be further optimized for the dimensions
of the room.
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